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Abstract
IRS 7 is an M red supergiant star which is located at 5.′′5 north of Sagittarius A∗. We detected
firstly the continuum emission at 340 GHz of IRS 7 using ALMA. The total flux density of
IRS 7 is Sν = 448± 45µJy. The flux density indicates that IRS 7 has a photosphere radius of
R = 1170± 60 R, which is roughly consistent with the previous VLTI measurement. We also
detected a shell like feature with north extension in the H30α recombination line by ALMA.
The electron temperature and electron density of the shell like structure are estimated to be
T¯ ∗e = 4650±500 K and n¯e = (6.1±0.6)×104 cm−3, respectively. The mass loss rate is estimated
to be m˙ ∼ 1× 10−4M yr−1, which is consistent with a typical mass loss rate of a pulsating
red supergiant star with M = 20− 25M. The kinematics of the ionized gas would support
the hypothesis that the shell like structure made by the mass loss of IRS 7 is supersonically
traveling in the ambient matter toward the south. The brightened southern half of the structure
and the north extension would be a bow shock and a cometary-like tail structure, respectively.
1
ar
X
iv
:2
00
2.
01
62
0v
1 
 [a
str
o-
ph
.G
A]
  5
 Fe
b 2
02
0
Key words: Galaxy: center—stars: late-type—stars: atmospheres
1 Introduction
The Galactic center region is the nucleus of the nearest spiral galaxy and harbors the Galactic center
black hole, Sagittarius A∗ (Sgr A∗), with M ∼ 4×106M (e.g. Ghez et al. 2008, Boehle et al. 2016,
Gravity Collaboration 2018). This region is recognized to be a laboratory for peculiar phenomena,
which will be found in the central regions of external spiral galaxies by future telescopes. A bright
star cluster within r < 0.5 pc of Sgr A∗ has been found by early IR observations (e.g. Genzel et al.
1996, Figer et al. 1999, Figer et al. 2002), which is called the Nuclear star cluster (NSC). The NSC
contains over several tens Wolf-Rayet and OB stars. IRS 7 is a bright IR star which is located at 5′′.5
north of Sgr A∗. Although IRS 7 has been thought to be a member star of the NSC, this is classified
into an M1(e.g. Paumard et al. 2014) or M2(e.g. Carr, Sellgren, & Balachandran 2000, Perger et al.
2014) red supergiant star based on IR spectroscopic observations. The SiO maser emission is often
detected toward such late-type stars in the Galactic disk region and the maser emission also has been
detected toward IRS 7 (e.g. Reid et al. 2003, Borkar et al. 2019). In radio wavelength, IRS 7 has
been observed as a bow-shock like feature with north extension (e.g. Yusef-Zadeh & Melia 1992,
Yusef-Zadeh et al. 2015). This feature is thought to be a cometary-like structure made by strong
UV radiation from early-type stars in the NSC. However, IRS 7 itself has not yet has been detected
in radio wavelength although many early-type stars in the NSC have been detected (e.g. Yusef-Zadeh
et al. 2014, Moser et al. 2017).
The continuum emission from the photosphere of IRS 7 should increase with increasing ob-
servation frequency because this emission is optically thick thermal one. Because the line to con-
tinuum ratio of Hydrogen recombination line should increase with increasing observation frequency
in radio observations of millimeter or sub-millimeter wavelengths such observations are suitable to
detect both the continuum emission from IRS 7 itself and the recombination line from the extended
structure. ALMA is the most powerful tool to observe these in the wavelengths. Therefore we have
observed IRS 7 at 340 GHz using ALMA and analyzed the data set of the Sgr A∗ region obtained
in the Director’s Discretionary Time (DDT) observation of ALMA, which involves the H30α recom-
bination line. Throughout this paper, we adopt d ∼ 8.2 kpc as the distance to the Galactic center
(e.g. Boehle et al. 2016, Gravity Collaboration 2018). Then, 1′′ corresponds to about 0.04 pc at the
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distance.
2 Observation and Data Reduction
2.1 340 GHz Observation
We have observed Sgr A∗ itself and the surrounding area including the NSC at 340 GHz as an ALMA
Cy.3 program (2015.1.01080.S. PI M.Tsuboi). The data has been published already in the previous
paper, specifically for the study of IRS 13E (Tsuboi et al. 2017b). Therefore the observations are
summarised briefly here. The FOV is centered at αICRS = 17h45m40s.04 and δICRS= −29◦00′28.′′2,
which is a nominal center position of Sgr A∗. The diameter of the FOV is ∼ 18′′ at 340 GHz in
FWHM. The observations were performed in three days (23 Apr. 2016, 30/31 Aug. 2016, and 08
Sep. 2016). The observation in April was for detection of extended emission. J1717-3342 was used
as a phase calibrator in the 340 GHz observation. The flux density scale was determined using Titan
and J1733-1304. We performed the data analysis by Common Astronomy Software Applications
(CASA) (McMullin et al. 2007). The complex gain errors of the data were minimized using the
“self-calibration” method in CASA 5.4. The imaging to obtain the maps was done using CASA 5.4
with clean task. Using two days data of Aug. and Sep. 2016, the synthesized beam size(angular
resolution) using “briggs weighting (robust parameter = 0.2)” is θmaj× θmin = 0.′′107× 0.′′101,PA=
−78◦ in FWHM. The 1σ sensitivity in the emission-free area is 45 µJy beam−1. This sensitivity
corresponds to 0.04 K in TB. The dynamic range reaches to > 50000 in the area.
2.2 H30α recombination line
We analyzed the DDT observation of the Sgr A∗ region with ALMA (2015.A.00021.S). The data set
involves the H30α recombination line (νrest= 231.9009 GHz). The analysis also has been published
already in the previous paper, specifically for the study of gas motions around IRS 13E (Tsuboi et al.
2017b). Therefore the observations are summarised briefly here. The FOV is 25′′, which is centered
at Sgr A∗. J1744-3116 was used as a phase calibrator. The flux density scale was determined using
Titan and J1733-1304. After the subtraction of the continuum emission from the data using CASA
task, mstransform (fitorder=1), we made images using CASA 5.0 with tclean task with the
multi-threshold auto-boxing algorithm ( usemask=‘auto-multithresh’ ) which is automatically
identify the emission regions to be CLEANed using threshold based on rms noise and sidelobe level
and updated as the deconvolution iterations progress (Kepley et al. 2019). Using “briggs weighting
(robust parameter = 0.5)”, we obtained an H30α recombination line data cube with small synthesized
beam size (angular resolution) (θmaj×θmin =0.′′41×0.′′30,PA=−77◦ in FWHM) and high sensitivity
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Fig. 1. a Continuum map at 340 GHz of the Sgr A∗ region. Using 2D Gaussian fitting, the position of Sgr A∗ is derived to be αICRS = 17h45m40s.03389±
0s.00003, δICRS = −29◦00′28.′′2243± 0.′′0003 at the observation epoch of 2016.68. This is a finding chart of IRS 7. The angular resolution is 0.′′107×
0.′′101,PA=−78◦ in FWHM, which is shown as the oval at the lower left corner. The 1σ noise level is 0.045 mJy beam−1.
(0.2 mJy beam−1 at a line-free channel). The sensitivity is close to the expected one by the ALMA
sensitivity calculator.
3 Results
Figure 1a shows the continuum map at 340 GHz of the Sgr A∗ region. The angular resolution is
θmaj × θmin = 0.′′107× 0.′′101,PA=−78◦ in FWHM. Using 2D Gaussian fitting, the position of Sgr
A∗ is derived to be αICRS = 17h45m40s.03389± 0s.00003, δICRS = −29◦00′28.′′2243± 0.′′0003 at the
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Fig. 1. b Moment 0 map of the Sgr A∗ region in the H30α recombination line. The integrated velocity range is VLSR = −400 to 400 km s−1. The angular
resolution is 0.′′41× 0.′′30,PA=−77◦ in FWHM, which is shown as the oval at the lower left corner. The white circle shows the position of Sgr A∗. The 1σ
noise level is 0.05 Jy beam−1 km s−1.
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Fig. 2. Close-up continuum map of IRS 7 at 340 GHz. The angular resolution is 0.′′107× 0.′′101, PA = −78◦ in FWHM, which is shown as the white
oval at the lower left corner. The 1σ noise level is 0.045 mJy beam−1. The lowest color level corresponds to 3σ. The position of IRS 7 is αICRS =
17h45m40s.03625± 0s.0002, δICRS =−29◦00′22.′′732± 0.′′002 at the observation epoch of 2016.68. The peak intensity is Iν = 448± 45µJy beam−1
after primary-beam correction. This value corresponds to TB = 0.41± 0.04 K. The black circle indicates the IR position at the observation epoch, which is
corrected to be αICRS = 17h45m40s.034, δICRS =−29◦00′22.′′71 using the IR proper motion (Scho¨del, Merritt & Eckert 2009).
observation epoch of 2016.68. This figure is a finding chart of IRS 7. Figure 2 shows the close-
up continuum map of IRS 7 at 340 GHz. The angular resolution is the same as that in Figure 1a.
The continuum emission of IRS 7 itself was identified as a point-like source in the map although
the image is slightly distorted by unavoidable side lobes of Sgr A∗. This is the first sub-millimeter
detection of a cool star in the NSC. Using 2D Gaussian fitting, the position of IRS 7 is derived to
be αICRS = 17h45m40s.03625± 0s.0002, δICRS = −29◦00′22.′′732± 0.′′002 at the observation epoch
of 2016.68. The position is consistent with that by IR observations (e.g. Genzel et al. 1996, Figer
et al. 1999, Figer et al. 2002, Scho¨del, Merritt & Eckert 2009). The black circle in the figure
indicates the IR position at the observation epoch, which is corrected to be αICRS = 17h45m40s.034,
δICRS = −29◦00′22.′′71 using the IR proper motion (Scho¨del, Merritt & Eckert 2009). The angular
extent of IRS 7 itself is not detected, and thus the total flux density at 340 GHz of IRS 7 is estimated
to be Sν = 448± 45µJy after primary-beam correction. This flux density corresponds to the beam
averaged brightness temperature of T¯B = 0.41± 0.04 K using the following formula;
T¯B[K] = 1.22× 106
(θmaj × θmin
arcsec2
)−1( ν
GHz
)−2
Sν [Jy] (1)
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Figure 1b shows the moment 0 map in the H30α recombination line. The integrated velocity
range is VLSR =−400 to 400 km s−1. The angular resolution is θmaj×θmin=0.′′41×0.′′30,PA=−77◦
in FWHM. The white circle in the map shows the position of Sgr A∗. An ionized gas structure
surrounding IRS 7 is extended toward north. This ionized gas structure is consistent with the extended
continuum emission feature detected in radio wavelength (e.g. Yusef-Zadeh & Melia 1992, Yusef-
Zadeh et al. 2015).
Figure 3 shows the close-up channel maps of IRS 7 in the H30α recombination line (pseudo-
color). The 1σ noise level is 0.2 mJy beam−1. The lowest color level corresponds to 3σ. These are the
first spatially and velocity resolved images of the ionized gas of IRS 7 (Cf. Zhao et al. 2010 ). The
contours show the continuum emission at 340 GHz for comparison. The velocity width of each map
is ∆V = 10 km s−1. The central velocity ranges from Vc,LSR = −90 to −200 km s−1. The angular
resolution is the same as that in Figure 1b. In the H30α recombination line, the extended structure
surrounding IRS 7 is identified as a shell like structure with north extension. The shell like structure
is seen in the panels with the central velocities of Vc,LSR = −100 to −150 km s−1. The diameter of
the structure is θd = 1.′′38 after synthesized beam subtraction or D = 0.055 pc. The southern half of
the structure is brighter than the northern half. While the north extension is seen in the panels with
the central velocities of Vc,LSR = −140 to −190 km s−1. The position of the north extension shifts
from the vicinity of the shell like structure to north with decreasing velocity. The structure over 3σ is
extended up to ∆θ = 3.′′3 from IRS 7 in projection, which corresponds to 0.13 pc.
4 Discussion
4.1 Photosphere at 340 GHz of IRS 7
As mentioned in Result, the flux density at 340 GHz of IRS 7 is Sν = 448± 45µJy. While the flux
density at 34.5 GHz of IRS 7 would be less than Sν < 15µJy (see Figure 2 in Yusef-Zadeh et al.
2015). In these frequencies, absorption is negligible even in the Galactic center region. The spectrum
index is estimated to be α> 1.5 if the spectrum between these frequencies is depicted by a power law,
Sν ∝ να. The large positive value of α suggests that the continuum emission of this frequency range
is optically-thick thermal emission. This also suggests that the sub-millimeter continuum emission is
emitted from the photosphere itself or the vicinity.
As mentioned in Introduction, IRS 7 would be an M1 or M2 red supergiant star. The effective
temperature of the photosphere is reported to be Teff = 3600± 200 K for M1( Paumard et al. 2014)
and Teff = 3600± 230 K for M2 (Carr, Sellgren, & Balachandran 2000). The brightness temperature
at 340 GHz is assumed to be Teff = 3600 K here. The beam averaged brightness temperature of IRS 7
7
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Fig. 3. Close-up channel map of IRS 7 in the H30α recombination line (pseudocolor). The velocity range is VLSR =−90 to−200 km s−1. The velocity width
of each maps is ∆V = 10 km s−1. The angular resolution is 0′′.41× 0′′.30,PA=−77◦ in the H30α recombination line, which is shown as the large oval
at the lower left corner. The 1σ noise level is 0.2 mJy beam−1. The lowest color level corresponds to 3σ. The contours show the continuum emission at 340
GHz for comparison. The angular resolution of the 340 GHz continuum emission is 0.′′107× 0.′′101,PA = −78◦, which is shown as the small oval at the
lower left corner.
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Fig. 4. a Peak intensity map of IRS 7 and north extension in the H30α recombination line (pseudo color) and 340 GHz continuum emission (contours). The
velocity range of the peak intensity map is VLSR = −90 to −190 km s−1. The transverse velocity of IRS 7, which is shown as a vector, is V⊥ = 136 km
s−1,PA = −170◦.6 based on the proper motion measured by the SiO maser astrometry (Borkar et al. 2019). b Position-velocity (PV) diagram of IRS 7 in
the H30α recombination line along the white broken rectangle in a. The cross shows the velocity and position of the SiO v = 2,J = 2− 1 maser emission
toward IRS 7 shown in figure 4c c Line profiles toward IRS 7 of the H30α recombination line (black) and SiO v = 2,J = 2− 1 maser emission line (red). The
oval in a shows the sampling area.
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is measured to be T¯B = 0.41±0.04 K as mentioned in Result. The disagreement between the effective
temperature and brightness temperature is considered to be originated mainly by beam dilution effect
which is shown by
T¯B =
∫ ∫
IRS7TB(θ,φ)P (θ,φ)dθdφ∫ ∫
SBP (θ,φ)dθdφ
, (2)
where P (θ, φ) and TB(θ, φ) are the shape function of the synthesized beam and the distribution of
the brightness temperature of IRS 7, respectively. Assuming that the distribution of the brightness
temperature is like an uniform-disk, this is approximated as the following equation,
T¯B ∼ TB pi(R/d)
2
1.133θmajθmin
, (3)
where R/d is the angular radius of the photosphere of IRS 7 at 340 GHz. Therefore, the radius of the
photosphere is estimated to R = 1170± 60 R in 2016. Meanwhile IRS 7 has been reported to be
resolved marginally into a uniform-disk withR=960±92R in 2013 in the H band (λ=1.65 µm) by
the Very Large Telescope Interferometer (VLTI) (Paumard et al. 2014). Our estimated photosphere
radius at 340 GHz is slightly larger than the radius at H band measured by VLTI. However, our radius
would be consistent with the VLTI radius because IRS 7 is reported to be variable in size based on
the observations in 2008 and 2013 (Paumard et al. 2014).
4.2 Kinematics of the Surrounding Structures of IRS 7
Figure 4a shows the peak intensity map of IRS 7 and north extension in the H30α recombination line
(pseudo color). The velocity range of the peak intensity map is VLSR = −90 to −190 km s−1. The
surrounding structure of IRS 7 in the H30α recombination line is made of the shell like structure and
the north extension as mentioned in Result. This is also identified as a shell like structure in the 34.5
GHz continuum map (see Figure 3a in Yusef-Zadeh et al. 2017). Although this feature has a more
sharp edge than that of the H30α recombination line image, the difference of the appearance would be
caused mainly by difference of the beam sizes (θmaj×θmin = 0′′.09×0′′.05 at 34.5 GHz). However, it
cannot completely ruled out another cause, that is the distribution of the electron temperature because
the line/continuum ratio is sensitive to the electron temperature. In addition, these structures have no
associated feature in the molecular emission lines, for example CS J = 2−1, H13CO+J = 1−0, and
SiO v= 0,J = 2−1 emission lines (see figures 2, 3, and 4 in Tsuboi et al. 2018, see also Moser et al.
2017, Yusef-Zadeh et al. 2017).
Figure 4b shows the position-velocity (PV) diagram of the surrounding structure in the H30α
recombination line along the white broken rectangle in Figure 4a (Cf. figure 7b in Zhao et al. 2009).
The shell like structure is also identified as a half shell-like feature in the diagram (a broken line curve
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in Figure 4b) . The velocity extent of the structure is as large as ∆VFWZI ∼ 40 km s−1. While the
north extension is identified as a linear feature with a velocity gradient of ∼ 22 km s−1 arcsec−1.
Figure 4c shows the line profile of the H30α recombination line toward IRS 7. A red oval
in Figure 4a shows the integration area. The shell like structure around IRS 7 has a single-peak line
profile. The central velocity and FWHM velocity width by Gaussian fitting is Vc =−124.4±0.63 km
s−1 and VFWHM = 31.9± 1.5 km s−1, respectively. The ionization of the structure would be made by
the huge Lyman continuum photons from the NSC itself (e.g. Zhao et al. 2010). Assuming Hydrogen
ion temperature is equal to the electron temperature, T ∗e = 4650 K (see the next subsection), the sound
velocity of the ionized gas is estimated to Cs = 8.9 km s−1 using the formula given by
Cs =
√
2kTi/mH = 13× [T ∗e /104K]0.5[km s−1]. (4)
If the observed velocity extent originates from the gas expansion alone, the expanding velocity is
estimated to Vexp = 14± 1 km s−1 using the formula given by
Vexp =
√
V 2FWHM− (2
√
ln2Cs)2/2. (5)
The expanding velocity shows that the expansion is moderately supersonic.
Figure 4c also shows the line profile of the SiO v= 2,J = 2−1 maser emission. This spectrum
is extracted from the ALMA data shown in the previous paper (Tsuboi et al. 2017). There is a peak of
the SiO maser emission line at VLSR =−120 km s−1. This is consistent with the previous observations
(e.g. Reid et al. 2003, Borkar et al. 2019), and is also consistent with the central velocity of the
ionized gas (a cross in Figure 4b). The SiO maser emissions from late-type stars are thought to be
emitted from the atmospheres in the vicinity of the stellar surfaces. The radial velocity and position
of the SiO maser emission should be nearly equal to the radial velocity and position of IRS 7 itself.
The velocity is centered on that of the shell like structure, while the position is slightly shifted to the
south. While the transverse velocity of IRS 7 is reported to be V⊥= 136 km s−1,PA=−170◦.6 based
on the proper motion measured by the SiO maser astrometry (Borkar et al. 2019, see also Reid et al.
2003). The transverse velocity is shown as a vector in figure 4a. Although the half bright portion
of the shell like structure is slightly inclined (see figure 4a), the vector is seen to be perpendicular
to it. The spatial traveling velocity of IRS 7 is estimated to be Vt ∼ 181 km s−1 using the formula
Vt =
√
V 2⊥ +V
2
LSR.
The north extension would be a gas stream flowed from the shell like structure, or would be
like a cometary tail. This is because both the north extension and the shell like structure are included
in the inclined linear feature in the PV diagram. The velocity of the southernmost part of the north
extension is nearly equal to the northernmost part of the shell like structure. The velocity gradually
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decreases with increasing angular offset and becomes equal to that of the ambient matter, VLSR∼−170
km s−1, finally. The radial velocity difference between IRS 7 and the ambient matter, or the radial
airspeed, is guessed to be Vair,‖ ∼ 50 km s−1. The 3D airspeed would be at least Vair >∼ 50 km s−1 or
supersonic. Note that this is considerably larger than the derived expanding velocity of the ionized
gas, Vair > Vexp = 14 km s−1.
IRS 7 releases gas as stellar wind by pulsation (Paumard et al. 2014). The shell-like structure
is made by the stellar wind from IRS 7, which is ionized by the strong FUV from the NSC. IRS 7
runs in the ambient matter at a supersonic speed in the south direction. The ionized gas is left behind
and looks like the cometary tail mentioned above. Although CO absorption lines are observed in
the atmosphere of IRS7 (e.g. Paumard et al. 2014), the surrounding structure is associated with no
feature in the molecular emission lines as mentioned in Results. This would be caused by that the
strong FUV from the NSC also destroyed such molecules in the stellar wind.
The transverse velocity vector is seen to be perpendicular to the brighten southern half. This
relation suggests that the brightened southern half of the structure is a sign of the bow shock made
by supersonic gas traveling in the ambient matter. The positional shift of IRS 7 to the south in the
shell like structure (see Result) is consistent with the bow shock hypothesis, which have already
been discussed (Serabyn, Lacy and Achtermann 1991, Yusef-Zadeh & Morris 1991, Yusef-Zadeh
& Melia 1992). The kinetic energy of a Hydrogen atom traveling to the south in the bow shock is
simply estimated using the following equation;
Ekin =
1
2
mH(Vair +Vexp)
2. (6)
The kinetic energy reaches to Ekin ∼ 22 eV, which is larger than the ionization energy of a Hydrogen
atom of EH,ion = 13.6 eV. Therefore such shock wave could induce the collisional ionization of the
southern half in addition to the ionization by FUV from the NSC.
4.3 Physical Properties of the Surrounding Structures of IRS7
The LTE electron temperature, T ∗e , of the shell like structure around IRS 7 is estimated from the
ratio between the integrated recombination line intensity,
∫
Sline(H30α)dv, and the continuum flux
density, Sν(232GHz), assuming that the line and continuum emissions are both optically thin and
in local thermodynamic equilibrium. The integrated intensity of the recombination line is derived
to be
∫−155
−95 Sline(H30α)dv = 0.79± 0.08 Jy km s−1. The continuum flux density is estimated to be
Sν(232GHz) = 3.81± 0.10 mJy using Sν(232GHz) = Sν(340GHz)(340232)0.1. The integration area of
these values is shown in Figure 4a as an oval. As shown in figure 4c, the shell like structure has a
single-peak line profile, thus it is easy to derive the electron temperature of the structure because it
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is not contaminated with other velocity components. The well-known formula of the LTE electron
temperature is given by
T ∗e [K] =
6.985× 103
a(ν,T ∗e )
( ν
GHz
)1.1 1
1 + N(He
+)
N(H+)
Sν(ν)∫
Sline
(
dv
km s−1
)
 11.15 . (7)
The correction factor, a(ν, T ∗e ), at ν = 232 GHz is calculated to be a = 0.678− 0.892 for T ∗e =
0.3− 1.5× 104 K (Mezger & Henderson 1967). We assume that the number ratio of He+ to H+ is
N(He+)
N(H+)
=0.09, a typical value in the Galactic center region (e.g. Tsuboi et al. 2017). The LTE electron
temperature is obtained by iteratively solving the formula for T ∗e . The mean electron temperature of
the shell like structure around IRS 7 is estimated to T¯ ∗e = 4650±500 K. The estimated temperature is
fairly lower than those of the previous observations (e.g. T¯ ∗e = 7000 K in Zhao et al. 2010). This is
slightly higher than the effective temperature of the photosphere of IRS 7, Teff = 3600 K.
The mean brightness temperature of the continuum emission is estimated to be T¯B = 8.0±0.1
K using T¯B =1.22×106
(
θd
arcsec
)−2(
ν
GHz
)−2
Sν . The electron density, n¯e. of the ionized gas ring around
IRS 7 is estimated by the following well-known formula;
n¯e[cm
−3] =
 T¯BT ∗0.35e
(
ν
GHz
)2.1
2.674× 10−20α(ν,T )
(
L
cm
)

0.5
(8)
(Altenhoff et al. 1960). The mean path length is given by L= 4pi
3
(D
2
)3/pi(D
2
)2 = 2
3
D assuming that the
ionized gas has a spherical shape with the diameter, D. The diameter is D∼ 0.055 pc= 1.7×1017 cm
(see Result). The mean path length is L ∼ 1.1× 1017 cm. The mean electron density is estimated to
be n¯e = (6.1±0.6)×104 cm−3. Therefore the mass of the released gas from IRS 7 is estimated using
the formula;
Mgas =
4pi
3
(
D
2
)3
n¯emH
X(H) +X(He)
X(H)
, (9)
where mH and
X(H)+X(He)
X(H)
are the mass of a Hydrogen atom and the mass abundance ratio, respec-
tively. The mass abundance ratio is X(H)+X(He)
X(H)
∼ 1.4 assuming the solar abundance of elements. The
mass of the ionized gas is Mgas ∼ 0.18M As mentioned in the previous subsection, the expanding
velocity of the ionized gas is Vexp = 14 km s−1. The time scale of the expansion is estimated to be
Texp ∼ D/2Vexp = 1900 yrs. If the gas mass is maintained mainly by the mass loss of IRS 7, the mass loss
rate is estimated to be m˙∼ Mgas
Texp
= 1×10−4M yr−1. This value is consistent with the expected mass
loss rate of a pulsating red supergiant star with M = 20− 25M (e.g. Yoon & Cantiello 2010).
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